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ABSTRACT. When mining coalface No. 14736 at CSA mine in Ostrava - Karvina
(south part of upper Silesian basin — North Moravia, Czech Republic) bituminous
coal district a number of methods and measures aimed to prevent triggering of rock-
bursts were introduced. These concern primarily applications of coal seamn destress
blasting, no break blasting in overburden and wetting of a coal seam. Improving
blasting accuracy was based on data from geophysical survey and also test hole
drilling in this district was assessed. The main geophysical methods were seismo-
logical (SL) monitoring and measuring of seismo—acoustic (SA) emission in coalface
foreground. From data collected by these two methods a time series characterizing
seismic activity in the coalface area were compiled. Mining technology was charac-
terized by mining advance data and data regarding blasting in coal seams and also
in overburden. All these data were jointly processed by a newral network, which had
to be able to predict future seismic activity and especially to signal a possibility of
strong events on basis of ”learning capability™ using part of the input data.

KEYWORDS: acoustic emission, seismological monitoring, statistical methods, neural
networks, mining induced tremors — rockbursts

INTRODUCTION

In the period from 8.9.1995 to 31.7.1997 at
ing the coalface no. 14736 classified as a hazardous rockburst
degree (the highest), took place. Iu regard to this classification systematic seisnio—
acoustic measuriug of this locality and also coutinuous seisinological monitoring of
the area was carried out.

The seismo-acoustic measuring network was assenibled from 5 -7 sensors posi-
tioning of which was changed in relation to coalface advance. Oue of the piezo-
electric seusors was located always in overburden in a drill hole approximately 5 m
long, other seusors were located iu the coal seain (usually two at
sensors frequency bands were between 70 Hz and 2 KHz.

Seismic measurements were carried out in the 1-50Hz frequency band. Data
interpretation cousisted primarily of mouitoring the frequency variation
of recorded signals and seisiic eveuts; at
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and also spatial focus migration were evaluated. Horizontal networks (Slavik et.
al., 1989) allowed the focus to be located fairly accurately, iu the order of tens
of meters. The vertical compouent of focus location was hampered by a larger
margin error but it relative appreciation of different elevatious of recorded seisniic
events. Data collected formed a database on the basis of which the measures against
tremors could be improved. These measures counsisted of proper blasting techiniques
(improving location and time accuracy of coal seain distress blasting froni a coalface
and no break overburden blasting from entries), and/or had the tendeucy to liuit
the mining speed, or even to stop the work at the coalface. The objective of
this work 1s to process the recorded data by methods of nmltichanuel statistical
extrapolation aud improve forecasting of future seismic events.

INPUT DATA CHARACTERISTICS
a) Setsmic Data

During the entire period 9280 events were recorded by the seisiiic network. It
was proven that events do not
by energy release in time (Fig.1). According to the pattern of energy distribution
the entire period can be split into 5 stages. The length of these stages was always
restricted by a strong seismic event. Iu the initial mining phase, 1.e. during the first
three stages, the energy distribution between the stroug seisniic events was generally
homogeneous and independent of mining advance. This advance has changed from
0.5 ni/day to 3m/day (first stage), after that it reached 1.5 m/day (part of the third
stage), later to 2.0 m/day.

During the fourth stage lasting from 12.10.1996 till 4.6.1997, despite
the mining speed was practically the same (2 m/day) there was an increase of seisiic
energy. Following miuing cessation on 30.7.1997 a sudden drop of seismic euergy
was noticed (fifth stage), but 11 days later the strougest induced seismic event of
E =1.7-10°J occurred. When the miniug activity was over, the plienomena were
located in the cave-in area.

For all stages the frequency of energy distribution (EFD) was determined, while
for the fourth stage where the homogeneous distribution of seisinic energy was not
determined, this distribution was assigned for three partial iutervals, characterized
by a differeut dE/dt¢ gradieut and by a different volume of total seismic energy
distribution. Results of these analyses are shown at Fig.2 and 3. Virtunally all EFD
have the same form, i.e. in areas with
number of events than
and from the specific energy, which had a characteristic
to higher energies the distribution can be described by a logarithinic uegatively
exponential relation (Holub, 1995; Holub and Veseld, 1995; Kaleuda, 1996; Rudajev
et. al., 1996):

log(N)=a—-b-log(F).
It is known that the scope of this energy is indirectly proportional
energy value per event
tribution). This relation was experimentally coufirmed; for example during the
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Fia. 2. Energy—frequency distributious for epochs | -111 and V. ('SA mine

period when the seisiiic energy distribution was the lowest — first stage, where
the mean energy value per tremor was 189J — the slope of EFD was b= 0.91. Oun
the other hand during the period of an increased seistuic energy — fourth stage,
interval ¢ — the mean energy value reached 859J and the gradieut had a value of
b = 0.65. These values formed a kind of integral characteristics process violation,
but were not suitable for individual seismic event forecasting.

Locating of seismic events facilitated spatial monitoring of seismic activity de-
velopment in the said area. Locations are shown in Fig. 4 where again the entire
coalface mining period was divided in the stages defined above. From the focus
distribution of the first stage it can be noticed that the seistiic events were accn-
mulated
seismic events directly related to the start of miniug of coalface no. 14736. The se-
cond area of focus accumulation (the upper part of Fig. 41) was evidently related to
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activity practically t

rhicological processes in rock mass even after ending of mining activities. During

the second aud third stage of the cnrrently

accunnlation even some events related to previous mining activit

Durinyg the

area was under the inflnence of not recovered corner sections in overbnrden.
During the eutire period 5 events in total were observed where energy exceeded

10°). Three of these events could be classified as rockbursts. becanse they

microseisinic effects

effect on mine workings. It can be assined that it

the

events without any effects on mine workings with crosses.
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b) Seismoacoustic Data

Seistnic ennssion was monitored by 5 =7 sensors mioved according to mining ac-
tivity. The monitoring systemn allowed
of their energy. Throughont the entire mining period 8H000 seisino-—aconstic pulses
were recorded. From the location point of view the pilses were divided into pulses
originating at coalface and pulses originating in overbnrden. Pnlse frequency in
time was not Liotogeneons.,
technology and to imdnced seisinic events. These aftershock sequences i particular
helped to adjust the vertical conponent of seismic event focns more precisely. Fig. 4
shows typical coufiguration of sensors at individnal stages marked with a blank tri-
angle. sensor i1 overburden with a full triangle. Fig. D illnstrates thne curves of
seistic energy distribntion daily values
events (Fig.Hh), SA pulse mmnber i the coal seam (Fig. He) and munber ol SA
pulses triggered in overbirden (Fig. 5d). Vertical dashed lines miark triggering off
D strong seismiic events in thne. Fron the cnrve of SA pulse frequency in the coal
seamm and also in overburden it is obvions that thie increase of pnlses ocenrred only
in case of the first (20.10.1995) and second (12.12.1995) rockbnrst. Concerning the
remaining two strong events neither the precnrsor elements in the pnlse frequency
line. nor the number of seisimically recorded events can be detected. This fact is
obvionsly related to the bigger distance of the focus from niine working (highier-
overburden). The hypothesis corresponds with the fact that in the case of the
fourth and fifth
of these events.
mmltichiannel statistical methods.

c) Techwolugical Procedur

It is known that indnced seisimic events are triggered h,
natural canses.
spaces are created), it changes the distribntion of the mmtial stress condition and
at the same time produces mass dynamic loading dnring blasting. For this reason
mining advance and amount of hlasting agent was monitored.

The excavation concerned coalface miniug with au approx. 220m long working
face mud the total length ol coalface mined was ronghly 4501, Total thicRiess
mined of seam No. 37 averaged
mined was 2.5-3.0m.  Nining of coalface No. 14736 started 8.9.1995 and.avas
completed on 31.7.1997. Consequently tlhe coalface was active 464 working days
Aand 324404 tons of coal in total was mined ont. which s ahimost 7001/ day
complexity of mining it was i the mining sohition for keeping the working face
and the overpass drift No.14705/1. miined out almost parallel to the working face
turning. From the mining point of view this area is characteristic for the connmlation
different adverse hmpacts from previons mining activity like corner sections of not
recovered overburden seans,
old shafts, abandoned mine workings of the neighbonring scam no. 14730 ete. In the

overburden (between




R.C'iz. J.HOLEGKO and V.RUDAIEV

Seismic Energy Release
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of up to

of strong overhurden seismic activity, camonflet blasting

(BOS) with an nnpact effect of 301 (vertical) at t

coalface foreground were nmplemented in advance. The BOS diagram is shown in
Fig. 6a), where the amount of blasting agent wused per day is showun. The average
daily coalface advance

first two stages the advance

sometinies was not reached.

METHODOLOGY OF ROCKBURST OQCCURRENCE STATISTICAL PROCESSING

The main objective of this work was to
for forecasting of induced seisinic events. For this purpose the method of nenral net-
works based on current processing of heterogeneons time sequences was applied and
on the basis of determination of nonlinear relations hetween individnal sequences
it is possible to provide data extrapolation of the monit.
This extrapolation was solved by a uniform network with an algorithi determining
(learning) backpropagation with
ple that it reaches
an optimal weight
Rudajev, 1996: R
(1) aE
Am” = =5 (
dwy;

i 1—1)
rr(”> +IIA{I‘E-] .

T ol i Danwes in iterative s 7 g
where Aur”v are weight clianges in iterative step 1, (') denotes gradient of

iy
energetic function, 1 is lea
phase
the requiested paramet
For tuput
its energy, nining procedure and the
first. stage
(Rudajev, ({2, 1998) was made.
be noticed that
SL events a 7 day
pulses recorded from overburden whicl proves that overburden does not respond
to weekly working cyvele. Tlie sanie results were proven also in power spectrins.
During the analyses of SA and SL euergy series (Fig. 8 ) it was found. that
T day periodicity was displayed only by the series ol SA energy released
(Fig.9). Indepeudence of the energy amonnt released from coal and overbnrden
mass confins the hiyvpotheses regarding mteraction of primary stress field of rock
massif and its
vicinity of nuderground workings does not describe energetic changes i rock massif
and therefore their contribution to
Becanse of the uncertainty of input set data the prediction of future events does not
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concern the time element of individual tremors but their total conut or the total
energy per day.

Input series were split into two parts — learning series included 600 succession
eletnents and during this time 7332 eveuts were recorded. For these "learning”
series the parameters of nenral network which included one hidden Tayver with three
Lidden neurous were determined. According to previous tests this appears suflicient
(Rudajev, Ciz. 1998). The prediction success rate was tested against the set of
predicted values. which tnduded 161 succession elements aund was formed from
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1948 recorded events. and 1wo criteria were nsed. On the basis of comparison of

ervor prediction with long—ternimean valie (Masters, 199:34):

N

Z s = i)
RMSE = =

> (= 7)

i=1

where i 15 the |1|'1‘c|i|'1=-|| value, x; is measured value and 7 ois the mean value
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of measured data and N is munber of elements of hoth sets and on the hases
of cornparison of prediction with tnonitored time series final value prediction (i.e.
munber of events or the released energy will be the sanie the previons day asin the

Lext):
N
Z (!/i — )_7
LMSE = —=
Z ("’i - "41*1):-‘
=1

Fig. 10a) graplically illustrates prediction results of seismic event mnuber per
day and Fig. 10b) results of SA event prediction recorded at coalface. From the
size of RMSE and LMSE prediction error it is obvions that the predicted value
of seismic and seisimo—aconstic events is better than the mean by abomt 76 % and
better than last value by abont 40%. For prediction ol energy square root suins
per day (Fig. 10¢) the prediction is about 30% better than the mean and abont
40 % better thau the last value. But prediction ol stroug events in predicted part
of set of surns of energy square roots was not siccessfinl.

Analyses of several selected stronger events and their relation to blasting — time
difference between blasting and development of a strouger event and focns distance
lromn the coalface reveals that events with focnus o coalface vicinity of approx.
20 =301 above the coal seamn (see Table 1) are influenced by blasting the most.
This blasting distance is not suflicient. to eliminate strong events developed 1 more
distant overburden strata.

TaBLE 1. Depeudencies between selected strong induced seisiice
events and hlasting.

Blasting . Strong tremor Time difference Altitude
[(I;a_\'] [In]
1 7.10.95 20.10.95 13 40
[ 2 | 3.12.95 121295 | 9 GO
3 17.3.96 21.3.96 ' 4 12
21.3.96 0
1 6.10.96 12.10.96 G 60|
5 | 281096 30.10.96 2 T ss0 |
G 10.11.96 16.11.96 6 24|
17.11.96 17.11.96 G 60
7 | 25597 4.6.97 10 40
8 | 4.5.97 4.5.97 0 20 |
9 | 9.6.97 9.6.97 0 10
10 19.7.97 11.8.97 23 280
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Number of seismic events, RMSE=0.25, LMSE=0.60
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C'ONCLUSION

When mining coalface No. 14736, 44 energetically signilicant strong events i
total, two (2) with energy bigger than 1081 three (3) with energy bigger than 107
and thirty nine (39) with eunergy bigger than 1070 were recorded. Excluding these
events 281 events with energy iu order of 10%.J was recorded. During the entire
mining period active and passive eletents ol anti—tretor prevention were applied.,
Active 1neasures affected rock mass properties and chianged its stress conditions.
They ind nde wetting of coal pillars. distress blasting in coal aud no break blasting
i overburden of the coalface. All these measures resnlred in continnons chianges
of the rock mass stress condition and contributed to the successful prevention. Al-
though they did not stop mining tretors they coutributed to no problemn coalface
mining. Ou the basis of local proguosis method in particular setsmo -acoustic and
seistnological monitoring, mtroduction of these measires dnring the miniug pro-
cess was constantly adjusted according to the methodological procedure used
Ostrava— Narvina District. However, these interventions significantly inllnence in-
put data of neural networks and consequently input series. include data regarding
the rock mass reaction in relatively uniforin miving and are inllnenced by ontside
imterventions. This is the reason why before development of strong mdiced seis-
e events only significant characteristic changes in rock mass cannot be detected.
During the inimiug period all five (5) significant events were localized relatively far
from the coal seam bt recording of SA emission data was done ouly i coal sean or
its nearest overburden. For these reasons development of these strong events could
not be estitnated successfully and application of neural networks to determine the
strong tremors developiient time was not. very successful either. To gain data from
vicinity of developient of strong event focnses it would he necessary to position

SA seusors in higher levels of overburden.
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ANALYZA CASOVYCH RAD AKUSTICKE EMISE A DULNICH OTRESU
Z OBLASTI OSTRAVSKO—KARVINSKYCH OTRESOVYCH DOLU

R.CIZ. JHOLECKO a V.RUDAJEV

V' oobdobi od 8.9.1995 do 31.7.1997 probiliala na Dole Ceskoslovenski armida
tézha v porubu 14736, ktery byl zarazen do 3. stupue (nejvyasilio) nebezpeci vzuikn
ditlnich otfesii. Na zakladé tohoto zarazeni pornbn hyla proviadeéna systematicka
seistnoaknsticka wéreni v lokalite porubu a zaroven probilial uepretrzity seisiicky
monitoring dané oblasti.

Seismoakustickd meriel sit byla sestavena z 5—=7 suhmaén. jejichz mnisténi se
wénilo vozavislosti na postupu porubn. Jeden z akustickych sniivacn byl vzdy
umistén do nadlozi ve vrtn cea Him dlonhiédin, ostatni snimace hyly uniistény v
nhielué sloji (zpravidla vzdy dva ua kazdé pornbui chodbé). PhAsima propostuosti
SA suimacn bhyly v rozmezi 70 Hz az 2 kHz.

Seistnicka méteni probiliala ve frekvenéninm piasim - H0 Hz. hnterpretace ziska-
nych dat se skladala predevsim ze sledoviani zinén cetnosti akusticky registrovanyceh
signalu 1 seismickych dejin. zaroven byla vyhodnocovana energic seismickydi dep
1 prostorova migrace ohimisek. Ponzité site (Slavik a kol.. 1989) nmoznovaly lokaci
olhisek s dosti dobron presnosti v horizontalui rovine, radove desitky metrin. Ver-
tikalni slozka polohy ohuiska je zatizena vétsi chyvbon. aviak wmoznnje relativné
ocenit rozdiluon v¥skn registrovanyelr seismickych jevin.

Takto ziskané Nidaje vytvarely databdzi vhoduou pro pouziti protiotresovych
opatreni (zenuéna aphkaci trhiacich praci. k omezeni ryvchlosti dobyvani, resp. 1 k za-
staveui prace ua pornbu). Cilem tolioto prispevku je zpracovat zaregistrovani data
pomoci vicekandlovyeh statistickych extrapolacnich metod a zdokonalit progudzn
vzuiku budond hio seisnického déje.

Za celé obdobi bylo seismickon sith zaregistrovino 9280 dépi. Bylo prokizino. ze
déje se nevyskytuji rovnomerue v ¢ase, coz bvlo prokiazino nvolnoviiniim energie v
case (obr. 1). Na zaklade priabéehu uvolhovani cnergie lze celé ohdobi rozdelit do 5
etap. Doba trvini téclito etap je omezeni vzdy viskviem siluélio seismického deje.
Pro vaechuy etapy byly nréeny energeticko- éotnostni distribnuee (ECD). pricemz
pro V. etapu, ve kteréd nebylo zjisténo rovnomérné nvolnovani seismické energie,
byla tato distribuce ircena pro 3 dilel intervaly, kterd json charakterizoviny jinon
smérnicel dE/dt a jinyim mnozstvim celkové nvolnend seisiické cnergie. Visledky
téchto anal¥z jsou na obr. 2 a 3. Viechny ziskand ECD maji prakticky stejuy
tvar, t). v oblasteclh nizsich energii je podstatne mensi pocet déjn, nez by odpovi-
dalo negativué—exponencialni distribuci a od jisté encrgie (40.0). tzv. charakieri-
stické hodnoty (Hohih. 1995: Holub a Veseld, 1995: Kalenda, 1996 Radajev a kol.,
1996), smeérent k vyssim energiim lze distribuci popsat logaritmickyn negativne
exponencialning vztahem

[();.’,’(/\"') =a—10b- |()g( (5%
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Vysledky lokaci ohnisek json znizornéuy na obr. 4. kde opét cela doba dobyvani
porubu je rozdélena do vyse definovanych etap. Za celé obdobi hylo pozorovano
celkem H déjn, jejichz energie presahla 1071, Tii z téchito déjn lze klasifikovat jako
dlni otresy, nebot mely inakroseisinické nemky vodnlnim dile. Silny seismicky jev
z 4.6.1997 byl hez projevu v dulnim dile, Ize nsuzovat. ze pochizi z vyssiho nadlozi.

Seismoakusticky mérid systém mmoznoval registract cetnosti nupulsn o oceneni
jejidi energie. Za celé obdobi razby bylo celkenm zaregistroviino vice nez 85000
seismoakustickych nmpulsu. Z hlediska lokace byly nmpnlsy rozdeleny na npulsy
vzuiklé ve sloji a impulsy vzuklé v nadlozi.

Za ncelem predikee seisimickych déjn byla vynzita imetoda nenronovyd siti. za-
lozena na nalezeni nelinearnich vazeb mezi jednothvymi poslonpnostn merenyceh
velicin, Extrapolace seismické aktivity byla resena ponioel roviomerné sité s al-
goritinent uceni backpropagation s momentent. Princip spociva v tom, ze sif je v
prvoi fazi "ucena” na ucicd mnoziné — dochazi k opthmalnime nastaveni vah podle
vztahu (Rumelhalt, 1986: Ciz. Rudajev, 1996: Rudajev. Cfz. 1998):

(t) ()[L . (t—1)
A”}‘j = —- T qu” .
()II','j :
¢ o . . o OE o .
kde Au'gj) oznacuje zmeny vah po iteracnim kroku f. 7 (i) ozuaénje gradient
[ ll',j

energetické funkce. 1 je parametr uéeni a a ozuacuje moment. Po adaptact vah
sité v dalsi fazi json na vstup predkladany nové vzory a vistipem je pozadovana
hodnota parametru v budondim ¢ase.

Vstupni tady byly rozdéleny na dveé ¢isti neiei mmozina wméla 600 pryvka
posloupnosti a za tuto dobu bylo zaregistrovano 7332 deéjn. Na téclito uéicich radach
byly stanoveny parametry nenronové sité, kterd meéla I skryton vrstvin se tiemi skry-
tyminenrony. coz se na zaklade diivéjsich testii jevi jako dostateéné (Rudajev. Ciz,
1998). Uspeésnost predikee byla testovina na mnoziné predikovanyel hodnot . kteri
mela 161 prvki posloupnosti a byl vvtvorena z 1948 registrovanych deju. pricemz
byly pouzity 2 kritéria. Na zakladeé porovnani chivby predikee s dlonhodobon stredni
hodnotou RMSE a na zikladé porovnani predikee s predikei posledni LNISE.

Vysledky predikce pocti seismickycl dejn za den jsou graficky zudzornény na
obr. 10a) a vysledek predikce SA dejun zaregistrovamych v porubi na obr. 10b). Z
velikosti chyby predikee RMSE a LNSE vyplyvia, ze predikovana hoduota poét
seisinickveli i seismoakustickyehy déjn je lepsi nez stiedni hoduota o asi 75 % a lepsi
nez posledni hodunota o asi 40 %. Pro predikei soucétn druhiyeh odimocnin energii za
den (obr. 10¢) je predikee lepsi asi o 30% nez stiedni hodnota a o 40 % lepsi nez
posledni llodnota. Netspésna vsak byla predikee silnsel deju v predikované cisti
rady souctu odmocenin energii.

7 analyzy nékolika vybranych silnejsich dejn a jejich zavislosti na trhaci pric
casovou diferenci mezi trhaci pract a vznikem siluéjsiho deje a vzdalenosti ohniska
od porubu uvedenych v tabulee 1 je patrné. ze nejvice json trhacinmn pracemi
ovlivnény déje, které inaji své ohnisko v blizkosti porubu do cea 20 =30 1m nad sloji.
Dosali trhacich praci neni zcela dostatecny pro elimimovani siluych deju pochiize-
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jicich ze vzdalenéjsich nadloznich vrstev. Tyto zasaliy viak vyrazné ovhivinji vs-
tupni data do neuronovych siti. Viecli pét vyzoamu¥eh déjn za obdobi razby bylo
lokalizovano do vétsi vzdilenosti od ulelnéd sloje. avsak ziskani ndajn SA ense
bylo provadeéno pouze v ulielné sloji, resp. jejim nejblizsim nadlozi. Z téchto dinvodn
nebylo mozné tspésué odhadunout vzuik téchro siluyel jevi. Pro ziskani informaci
z hlizkosti oblasti vzniku ohinisek siluych jevir by byvlo potieba mnistit SA sniiace
ve vyssich patrech v nadlozi.







